ABBREVIATIONS AUC = area under the curve; CI = confidence interval; EEG = electroencephalography; EMG = electromyography; ROC = receiver operating characteristic; TcMEP = transcranial motor-evoked potential; TIVA = total intravenous anesthesia. OBJECTIVE Normative data exists for stimulus-evoked pedicle screw electromyography (EMG) current thresholds in the lumbar spine, and is routinely referenced during spine surgeries to detect a screw breach, prevent injury of neural elements, and ensure the most biomechanically sound instrumentation construct. To date, similar normative data for cervical lateral mass screws is limited, thus the utility of lateral mass screw testing remains unclear. To address this disparity, in this study the authors describe cumulative lateral mass screw stimulation threshold data in patients undergoing posterior cervical instrumentation with lateral mass screws. These data are correlated with screw placement on postoperative imaging, and a novel correlation is discovered with direct clinical implications. METHODS Using a ball-tip probe, 154 lateral mass screws in 21 patients were electrically tested intraoperatively. In each case, for each screw, the lowest (or threshold) current at which the first polyphasic stimulus-evoked EMG response was reproducibly observed by a neurophysiologist was recorded. All patients underwent postoperative CT. Screw position within the lateral mass was first measured in the axial and sagittal planes for each lateral mass screw using the CT images. Screw placement was also evaluated by 2 independent physicians, blinded to current threshold data, on a binary scale of acceptability. The predictive capacity of screw EMG threshold data was evaluated via multivariable regression analyses and receiver operating characteristic (ROC) analyses. Predictive capacity was examined with respect to screw position within the lateral mass, as well as screw acceptability. RESULTS Lateral mass screw EMG thresholds did not appear to differ significantly for screws considered "acceptable" versus "unacceptable" according to the radiographic criteria. Accordingly, ROC analysis confirmed that EMG current threshold data were of minimal utility in predicting screw radiographic acceptability. However, EMG threshold was significantly predictive of screw medial distance from the spinal canal. A screw stimulating below 7.5 mA correctly identified a screw as being within 2 mm of the spinal canal with 75% sensitivity and 92% specificity (positive predictive value 20%, negative predictive value 99.3%), independent of its distance relative to other lateral mass landmarks. EMG current threshold was not significantly predictive of screw deviation in the superior or inferior directions, and was inversely predictive of screw deviations in the lateral direction. CONCLUSIONS In the context of uncertainty regarding the utility of cervical lateral mass EMG current threshold data, this study found that EMG current thresholds correspond significantly, and exclusively, with screw distance from the spinal canal. This association appears independent of other criteria for screw misplacement. As such, the authors recommend that EMG current thresholds be referenced in the case of a suspected medial breach as an effective means to rule out screw placement too medial to the spinal canal.
G iven the proximity of vital neural and vascular elements to cervical pedicles, 11 spine surgeons typically target the cervical lateral mass for screw fixation in patients requiring fusion. Despite this operative distinction in the cervical spine, concerns still remain regarding improper screw placement of cervical lateral mass screws. 2, 9 Intraoperative current threshold testing for stimulus-evoked electromyographic responses may serve as a useful tool in this context. Although it remains controversial in the thoracic spine, 6, 15, 17 substantial normative electromyographic data for pedicle screw placement in the lumbar spine is routinely referenced intraoperatively to detect screw breach and prevent injury of neural elements. 7, 13, 14, 18 In the cervical spine, the value of similar data for lateral mass screw placement is unclear; to date only 2 studies have examined the use of intraoperative electromyography (EMG) threshold testing for lateral mass screws, 5, 10 and neither has reported definitive recommendations in favor of its utility.
In this study, we describe cumulative lateral screw EMG current threshold data in patients undergoing posterior cervical instrumentation surgery. Furthermore, using postoperative CT to examine screw location accurately, we investigate the association between these EMG current threshold data and screw position within the cervical lateral mass, and discover a novel correlation with direct clinical implications.
Methods
After obtaining institutional review board approval, 21 consecutive patients undergoing posterior cervical instrumentation at the UC San Diego Medical Center in San Diego, California, or VA Medical Center in La Jolla, California, were enrolled in the study. Patients were excluded if they were over the age of 75, or if found to carry a known diagnosis of osteoporosis, ankylosing spondylitis, diffuse idiopathic skeletal hyperostosis, traumatic injuries, tumor, or metabolic bone disease. A total of 154 cervical lateral mass screws were placed and successfully tested in the cervical spine between levels C-3 and C-7 (inclusive).
Anesthesia and Neuromonitoring
Patients underwent intubation using a short-acting paralytic. After positioning the patient prone in rigid fixation, baseline neurophysiological monitoring signals were obtained; train-of-4, spontaneous EMG, stimulus-evoked EMG, transcranial motor-evoked potentials (TcMEPs), somatosensory evoked potentials, and electroencephalography (EEG) recordings were obtained in each case using the Cascade Elite neuromonitoring system (Cadwell Laboratories).
Following positioning, a mixed maintenance anesthetic regimen consisting of propofol and narcotic infusions in combination with a gas anesthetic (sevoflurane, isoflurane, or nitrous oxide) at 0.5 minimum alveolar concentration or less was initiated and adjusted to a depth of anesthesia that correlated with a relative burst-suppression EEG pattern. If adequate TcMEPs and somatosensory evoked potential baseline neurophysiological signals could not be immediately obtained on this mixed anesthetic regimen, a total intravenous anesthesia (TIVA) regimen was implemented. EMG was monitored bilaterally in muscles corresponding to the surgical levels; the trapezius, deltoids, biceps brachia, triceps brachia, thenar, and hypothenar musculature were monitored using 13-mm, 27-gauge subdermal needle electrodes inserted into the belly of each muscle, filtered at high and low cutoff frequencies of 2000 Hz and 50 Hz, respectively.
Other modalities, including TcMEPs (monitored in the same muscle distribution as the EMG, with the addition of lower limb muscles), somatosensory evoked potentials, trains of 4, and EEG were obtained as previously reported in Allison et al. 1 Among the baseline signals, a robust trainof-4 response was obtained from the hypothenar muscles via the ulnar nerve prior to lateral mass screw stimulusevoked EMG testing to ensure the effects of the short-acting paralytic administered at intubation had fully worn off.
Screw Placement
Titanium, polyaxial 3.5-mm-diameter screws were used to instrument the lateral masses of C3-6. After appropriate exposure and palpation, the center of each lateral mass was identified relative to its mediolateral and rostrocaudal borders. Screws were placed 1-2 mm medial to this center position and directed 15° laterally and 15° superiorly. All screws were placed by the same attending surgeon or by neurosurgical residents directly supervised by the attending surgeon. The same placement method was used for all lateral mass screws.
Bone and Screw Stimulus-Evoked EMG Testing
Lateral mass screw stimulus-evoked EMG thresholds were determined with a 50-μsec constant current monophasic pulse at 3.1 Hz delivered with a 2.3-mm ball-tip probe (Medtronic), with the anode return placed near midline, rostral to the surgical field. Following screw placement, the probe tip was placed on the screw for stimulation; screws were stimulated just once, at the end of screw placement. For all stimulation procedures, the area surrounding the bone and screw were kept dry with constant suction while the current was increased from 0 mA to the respective stimulus-evoked EMG current threshold. The EMG current threshold criterion was set as the lowest current at which the first polyphasic compound muscle action potential response was reproducibly demonstrated. Given the unclear utility of EMG current threshold testing for lateral mass screws, no screws were revised intraoperatively upon learning of the EMG current threshold.
Evaluating Screw Directional Deviations
Following surgery, patients were studied with a CT scan from the occiput to T-2. Using CT images, each screw was assessed for its position within the lateral mass via 4 separate measurements (Fig. 1) . These measurements included the distance from the medial-most aspect of each screw to the lateral-most aspect of the spinal canal (termed "medial distance"), the distance from the lateral-most aspect of each screw to the lateral-most aspect of the lateral mass (termed "lateral distance"), the distance from the superiormost aspect of each screw to the superior-most aspect of the lateral mass (termed "superior distance"), and the distance from the inferior-most aspect of each screw to the inferior-most aspect of the lateral mass (termed "inferior distance). Each measurement was taken from a point halfway from the screw tip to the base of the polyaxial head of each lateral mass screw in each plane; all medial and lateral measurements were taken in the axial plane, while all inferior and superior measurements were taken in the sagittal plane (Fig. 1) . In each case, the shortest distance between landmarks was used as a measurement, as it was believed to reflect the most direct trajectory by which electrical current could travel to the borders of the lateral mass.
Evaluating Screw Acceptability
To determine placement acceptability for each screw, the CT scans were independently reviewed by a spine surgeon (Dr. Oygar) and a musculoskeletal radiologist (Dr. Chen) blinded to the EMG stimulation data. These reviewers were tasked with grading each screw as either "adequate" (contained entirely within the bone of the lateral mass and of appropriate length) or "inadequate" (inadequate screw angulation, excessive screw length, screw protrusion into either anterior soft tissue or facet joint, and/or a medial or lateral breach). For inadequate screws, the reviewers were also asked to provide an explanation for which specific adequacy criteria were not met. Upon completion of reviewer assessments, screws were categorized as either "acceptable" or "unacceptable" via calculation of a composite score. Adequate screws were given a score of 1, while inadequate screws were given a score of 0; composite scores were then generated for each screw from the sum total of scores from both reviewers. Composite scores equal to 2 were deemed to be in an acceptable position, while composite scores less than 2 were deemed to be in an unacceptable position.
Evaluating Clinical Course
All patients were followed clinically per standard institutional postoperative care protocols, such that new neurological deficits or complications could be assessed after surgery. All patients were seen and examined by the attending surgeon in the outpatient clinic setting at 2 months after discharge.
Statistical Methods
The number of patients to be tested was first determined via sample size calculation at study outset, which aimed to discover a 2-mA difference between acceptable and unacceptable screws with 80% power and a < 0.05. The results of this calculation revealed that a minimum of 141 screws-which corresponded to approximately 20 patients-would be required to achieve this aim.
To determine the extent of association between screw EMG current threshold and screw directional deviation, a series of linear mixed-effects models, each with a random subject intercept, was generated. Each model set a different directional parameter as the outcome variable (i.e., medial distance, lateral distance, etc.), and set EMG current threshold as the primary predictor. Multivariable analyses for each model included the covariates of age at surgery, cervical side, and cervical level.
A receiver operating characteristic (ROC) analysis was then performed 8 to assess the predictive capacity of screw EMG current thresholds for each directional deviation. To perform the ROC analysis, all radiographic directional measures were dichotomized. Screws were described as either "too close" or "safe," according to set distance cutoffs determined by a general consensus among investigators. A screw could be considered too medial (< 2 mm from the spinal canal), too lateral (< 2 mm from the edge of the lateral mass), too high (< 2 mm of the superior facet), or too low (abutting or within the inferior facet). The criterion for too high was restricted to screws placed < 2 mm from the superior facet because no screws were found to abut or protrude into the superior facet. ROC curves for each directional outcome (i.e., too medial, too lateral, etc.) were then examined to determine the EMG current threshold that maximized sensitivity and specificity for identifying that particular directional outcome.
To determine the extent of association between EMG current threshold and screw acceptability as defined by our reviewers, a multivariable logistic regression analysis was performed with screw acceptability as the dependent variable, and screw EMG current threshold as the primary predictor. Covariates for this model were kept consistent with prior linear mixed-effects models and included age at surgery, cervical side, and cervical level. Mean EMG current thresholds for acceptable and unacceptable screws were also compared with an independent samples t-test. Finally, an ROC analysis was performed against the outcome of screw acceptability. Maximal sensitivity and specificity of EMG current thresholds were similarly calculated for the outcome of screw acceptability. Statistical analysis was performed using SPSS (version 23.0, IBM Corp.). All tests were 2-sided; p values <0.05 were considered statistically significant for all final models.
Results
Twenty-one subjects were enrolled as part of the study protocol, resulting in 154 consecutive lateral mass screws undergoing stimulation. Table 1 illustrates the number of screws placed and tested by spinal level. The mean number of screws stimulated per patient was 7.4 ± 0.97; the minimum and maximum number of screws stimulated per patient were 6 and 9, respectively. In the sagittal plane, distances were measured superiorly from each screw to the superior edge of the lateral mass (4.9 mm) and inferiorly from each screw to the inferior edge of the lateral mass (4.5 mm).
Directional Measurement Data and Predictive Value of EMG Thresholds
The mean measured distances across all screws are displayed in Table 2 . The distributions of screw distances in the medial, lateral, and superior directions were relatively normal, reflecting the fact that no screws appeared to breach medially, laterally, or superiorly according to our independent reviewers. However, there was a significant proportion of screws that were found to have an inferior distance of zero-an observation that correlated strongly with the number of screws deemed to protrude into the corresponding inferior facet by our independent reviewerswhich skewed the inferior distance distribution rightward.
As shown in Table 3 , of all 4 radiographic directional parameters assessed, only medial distance was found to have a statistically significant positive association with EMG threshold (p < 0.001). Specifically, after accounting for patient age, cervical side, and cervical level, screw medial distance from the spinal canal was shown to increase by 0.08 mm (95% confidence interval [CI] 0.05-0.12 mm) for each milliamp increase in screw EMG current threshold (Fig. 2) . Lateral distance was also found to be significantly associated with screw EMG current threshold, but this association was in the negative direction (p = 0.002), such that an increase in EMG current threshold corresponded to a decreasing distance from the lateral edge of the lateral mass. Superior and inferior distances were not found to have any significant association with screw EMG current threshold.
ROC analyses run for each directional parameter were consistent with the results of our linear mixed-effects models. Screw EMG current threshold was accurate in predicting a medial deviation (i.e., too medial); however, it was inaccurate in this capacity for all other dimensions (i.e., too low, too high, too lateral). The area under the curve (AUC) generated for the medial deviation ROC curve was 0.907 (p = 0.006), indicating a highly accurate overall testing measure for identifying screws located < 2 mm from the spinal canal (Fig. 3) . Accordingly, the mean EMG current threshold observed for screws deemed "too medial" (i.e., < 2 mm from the spinal canal) was significantly lower than for those screws found to be ≥ 2 mm from the spinal canal (mean difference 7.7 mA, 95% CI 1.2-14.3, p = 0.02; Fig. 4) .
Sensitivity, Specificity, and Predictive Value
The current threshold cutoff value that maximized sensitivity and specificity for identifying screws < 2 mm from the canal (Fig. 3, arrow) was calculated to be 7.5 mA. Using this cutoff, an EMG current threshold below 7.5 mA predicted a screw's medial distance to the spinal canal to be less than 2 mm with 75% sensitivity and 92% specificity (positive predictive value 20%, negative predictive value 99.3%). An EMG current threshold ≥ 7.5 mA predicted a screw as being at least 2 mm from the spinal canal with 99.3% accuracy. Table 4 shows a summary of the predictive accuracies of screw EMG current thresholds, ranging from 5.5 mA to 13.5 mA for screws deemed to be safe. As expected, increasing amperage corresponded to a higher predictive accuracy in identifying safe screws (i.e., at least 2 mm from the canal); the minimum threshold value for which predictive accuracy was 100% was 10.5 mA. Therefore, a screw that stimulated at ≥ 10.5 mA was shown to predict a medial distance from the spinal canal of at least 2 mm with 100% accuracy.
Screw Acceptability and Predictive Value
Using the scoring methodology described previously (see above), a total of 64 screws (41.5%) were deemed unacceptable. Of these 64 screws, 21 were considered to be too long (i.e., protruding beyond the lateral mass anteriorly), while 42 were found to protrude into the corresponding inferior facet joint (Fig. 5) . No screws were noted to protrude into the superior facet joint, and there were no observed medial or lateral breaches.
As shown in Fig. 6 , mean screw EMG current thresholds did not differ significantly between acceptable screws (14.85 mA) and unacceptable screws (14.07 mA; p = 0.40). Multivariable logistic regression modeling failed to find a significant association between screw EMG current threshold and screw acceptability (p = 0.47). ROC analyses for screw acceptability also failed to generate an AUC of more than 0.55, indicating an inaccurate test for detecting screws deemed unacceptable by an independent reviewer. Using the available data, the optimum screw EMG current threshold that maximized sensitivity and specificity for screw unacceptability was calculated to be 6 mA. A screw EMG current threshold < 6 mA predicted an unacceptable screw with 3.1% sensitivity and 98.9% specificity; an unacceptable screw on postoperative CT was identified by a screw EMG current threshold of < 6 mA with 66.6% accuracy, while an EMG current threshold ≥ 6 mA identified a screw as acceptable with 58.9% accuracy.
Postoperative Clinical Course
Upon reexamination 2 months postoperatively, no study patients were found to have or complain of new neurological signs or symptoms. While a number of patients contin- ued to experience preoperative pain and weakness-albeit improving to varying degrees-there was no observable disparity in persistent signs and/or symptoms between patients with and without at least 1 unacceptable screw, or between patients with and without screws deemed too medial, too lateral, too superior, or too inferior.
Discussion
Given the general acceptance of normative reference data for pedicle screw EMG current thresholds in the lumbar spine, 3, 4, 7, 14, 18 recent efforts have attempted to generate equivalent data for the cervical spine. To date, available studies have failed to definitively establish firm intraoperative guidelines for interpreting lateral mass screw EMG current threshold data. 5, 10, 12 This study, by way of assessing specific directional components of screw location within the lateral mass, presents an alternative means by which lateral mass EMG current threshold data can be interpreted in the intraoperative setting.
The observed disparity in intraoperative guidelines between pedicle screw and lateral mass screw EMG current threshold data can be largely explained by differences in surgical target and technique. In the thoracic and lumbosacral spines, posterior instrumentation procedures target the spinal pedicle, a structure bordered medially by the spinal cord/cauda equina and superiorly and inferiorly by exiting nerve roots. 16 As such, from the standpoint of intraoperative EMG, deviations in pedicle screw placement in any one of these directions should theoretically correspond to a reduction in EMG current threshold in the appropriate neuromuscular distribution. 13 For lateral mass screws, a different set of anatomical constraints apply, since screws are directed superiorly and laterally away from the spinal cord. 2, 19 Inaccurate trajectories in the lateral mass, therefore, may not necessarily result in a screw being located closer to exiting nerve roots or to the spinal cord.
19 As evidenced by our results, a significant number of screws were directed too inferiorly or were too long (i.e., unacceptable), resulting in protrusion into the inferior facet joint or anterior soft tissue, respectively. Our finding that these unacceptable screws were not accurately predicted by EMG current threshold suggests that the radiographic criteria for lateral mass acceptability used for this study-and for other studies to varying degrees 5, 10 -are not appropriate for examining the value of lateral mass EMG current threshold data. 
FIG. 2.
Screw medial distance plotted as a function of screw EMG current threshold. Only medial distance was shown to correlate positively with EMG current threshold; this correlation was significant (p < 0.001).
Figure is available in color online only.
FIG. 3.
Results of ROC analysis testing the predictive accuracy of EMG current threshold for screws located too medial (i.e., < 2 mm) to the spinal canal. The optimum EMG current threshold value for detecting a screw that was too medial (arrow) was calculated to be 7.5 mA. This study is unique in its assessment of lateral mass EMG current thresholds because it suggests the utility for intraoperative EMG applies mainly to a specific directional deviation within the lateral mass. We contend that in the absence of direct screw contact with a nerve root, EMG current threshold data has significant value in predicting a screw's relative medial distance from the spinal canal. Specifically, our findings suggest that an EMG current threshold value of at least 7.5 mA predicts with nearly 100% accuracy that the screw being stimulated is a minimum of 2 mm away from the spinal canal. Furthermore, because we were unable to find a significant association with either superior of inferior deviation-and found an inverse association with lateral deviation-our findings simplify EMG current threshold interpretation from the perspective of a surgical team, and direct the surgeon and neurophysiologist to primarily consider medial distance when consulting EMG current thresholds for a lateral mass screw. This is the first such study to report EMG current threshold as a specific predictor of medial proximity to the spinal canal. While previous studies have examined the efficacy of EMG in predicting inaccurate or unacceptable screw placement in more global terms, 5,10 none has examined screws for specific directional deviations to determine the relative contributions of horizontal and vertical misplacement to EMG current threshold values. In so doing, we have found that EMG current threshold responds exclusively to a screw's horizontal position within the lateral mass, increasing in amperage with increasing medial distance from the spinal canal. This finding is significant as it can inform surgical teams about their risk for medial breach in circumstances in which radiographic and manual investigations fail to confirm a screw as being a safe distance from the spinal canal. Despite the relative rarity of such circumstances, their potential for dramatic neurological implications warrants consideration of this effective and reliable neuromonitoring metric. In such a case, the data in Table 4 can be used to confirm a screw's medial distance as "safe" (i.e., ≥ 2 mm) with relative accuracy.
While the authors of this study have since begun rou- As amperage increases, the predictive value for a safe medial distance cutoff (≥ 2 mm) also increases. Screws stimulating at 10.5 mA or higher have a 100% predictive value of safe medial distance.
tinely employing EMG testing for lateral mass screws in this context, and would recommend its implementation for all posterior cervical instrumentation procedures, we believe that the decision as to whether to routinely employ EMG testing for lateral mass screws must ultimately fall to an individual surgeon's interpretation of these data, and to his/her personal preference and valuation of confirming a screw's horizontal distance from the spinal canal.
Conclusions
This study reports a new finding with respect to the utility of lateral mass screw EMG current threshold data.
While intraoperative EMG appears to be of minimal value in predicting lateral mass screw acceptability in global terms-a limitation that may be inherent to the anatomy of the lateral mass-it can serve as a powerful predictor of screw medial distance from the spinal canal. As such, it should be consulted as an additional reference during intraoperative scenarios in which medial breach is suspected.
